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Purpose: Endovascular aneurysm repair has been advocated as a "minimally invasive" 
alternative to conventional neurysm surgery. However, because of manipulation within 
the aneurysm sac, endovascular techniques may result in massive microembolization. 
Methods: In this study lower limb microemboli were quantified in 29 patients undergoing 
conventional (11 straight and 7 bifitrcated grafts) and endovascular neurysm repair (8 
aortoiliac, 1 straight, and 2 bifurcated grafts) by insonation of the superficial femoral 
artery with a 2 MHz Doppler probe. Emboli were detected as high-intensity, short- 
duration signals on the background Doppler trace. Differentiation of gaseous emboli 
from particulate emboli was achieved by calculation of the sample volume length (emboli 
velocity x duration = sample volume length) for each embolus (N = 4927). Previous 
experiments had determined that a sample volume length < 1.4 cm represented particu- 
late embolization. 
Results: The number of gaseous, particulate, and total emboli were significantly greater in 
the endovascular g oup compared with the conventional group (p < 0.05). 
Conclusions: These data demonstrate hat peripheral microembolization is significantly 
higher during endovascular neurysm repair than during conventional surgery. Methods 
to reduce mbolization must be developed before endovascular ortic surgery is widely 
adopted. (J Vasc Surg 1997;25:179-86.) 
The technical feasibility of endovascular aneu- 
rysm repair has now been conclusively established, 
with many authors reporting successful placement of 
aortic endoprostheses >s in aneurysmal vessels. The 
surgical community has enthusiastically embraced 
this new technology, because it offers significant po- 
tential advantages over conventional neurysm sur- 
gery by avoiding transperitoneal manipulation, re- 
ducing the duration of  aortic occlusion, and allowing 
rapid recovery from aneurysm repair. 6With the ad- 
vent of commercially available ndografts, endolumi- 
nal aneurysm repair is now being practiced outside 
specialized centers, and guidelines for optimal prac- 
tice have been published in both the United States 
and United Kingdom. 7,8 However, despite the po- 
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tential advantages of this technique, early clinical 
series have documented a high frequency of periop- 
erative complications and mortality rates in excess of 
5%.9 12 
The perioperative mortality complicating con- 
ventional aneurysm repair is less than 5% in many 
centers, with cardiac disease accounting for most 
deaths, la,14 Initial mortality rates in representative 
series of endoluminal aneurysm exclusion range be- 
tween 0% and 27%, 9-12 although strict comparison 
between conventional and endoluminal procedures 
is inappropriate because of  differing patient profiles. 
A dominant cause of early postprocedural mortality 
complicating endoluminal grafting appears to be re- 
lated to massive microembolization a d subsequent 
development ofmultiple organ failure. Marin et al.n 
recently reported a series of  18 endoluminal aneu- 
rysm repairs with five early deaths, of which three 
were related to diffuse embolization during en- 
dografr placement. Similarly, Parodi 9 reported three 
cases of massive microembolization i  his first 50 
patients, all of whom died. In contrast, death of 
massive microembolization is a comparatively rare 
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Table I. Patient demographics, aneurysm 
morphologic characteristics, and 
procedural details 
Conventional Endovascular 
No. 18 11 
Age (yr) 70 (60-84) 75 (60-79) 
Sex 15M:3F 11M 
Aneurysm diameter 5.8 (4.5-7.0) 5.6 (4.8-7.0) 
(cm) 
Proximal neck length 1.7 (1.1-2.0) 2.3 (2.0-3.0) 
(cm) 
Reconstruction 11 tube grafts 8 aorto-iliac grafts 
8 bifurcated grafts 2 bifurcated grafts 
1 tube graft 
Procedure duration 104 (62-238) 195 (126-252) 
(ram) 
Continuous variables are given as median values with range in 
parentheses. 
F, Female; M, male. 
event after conventional aneurysm surgery? s Cir- 
cumstantially therefore it appears that distal emboli- 
zation may be a significant cause of mortality and 
morbidity during endovascular reconstructive t ch- 
niques. 
In contemporary studies the detection of emboli 
during aortic reconstruction has relied on the dem- 
onstration of postoperative complications such as 
trash foot or multiple organ failure caused by wide- 
spread cholesterol embolization? 6 Although these 
signs reflect the loss of tissue viability caused by 
peripheral embolization, they do not provide a quan- 
tifiable measure of embolic number. Although not 
previously applied to aortic reconstruction, it has 
proved possible to quantify emboli n other vascular 
beds with ultrasonography-based techniques. Trans- 
cranial Doppler ultrasonography can detect intracra- 
nial emboli during carotid endarterectomy, ~7 and 
recent developments have allowed differentiation of
gaseous from particulate mboli? s In this study 
lower limb emboli in patients undergoing conven- 
tional and endovascular aneurysm repair were de- 
tected, quantified, and differentiated with an ultra- 
sonography-based detection system with off-line 
analysis. Specific comparisons in the number of gas- 
eous and particulate emboli were then made between 
conventional nd endoluminal techniques in a con- 
current cohort study. 
MATERIAL AND METHODS 
Patient cohort. The patient cohort comprised 
29 patients undergoing elective infrarenal aneurysm 
repair. All patients underwent contrast-enhanced 
computed tomography and magnetic resonance an- 
giography before surgery to delineate aneurysm or- 
phologic characteristics. Patients were preferentially 
selected for endovascular neurysm repair if the prox- 
imal aneurysm neck exceeded 2 cm in length. There 
were no juxtarenal or inflammatory aneurysms in the 
patients tudied, and no patient received antiplatelet 
medication before surgery. All patients had at least 
one patent superficial femoral artery as determined 
by preoperative duplex scanning. Demographics of 
the patient cohort are tabulated in Table I. This 
study was performed with e approval of our local 
ethics committee. 
Operative details. All procedures were per- 
formed with the patients under a standardized gen- 
eral anesthetic without epidural analgesia. The trans- 
peritoneal approach by a midline incision was used 
for conventional aneurysm repair, which was accom- 
plished by insertion of a woven Dacron graft (Mea- 
dox Medicals, Oakland, N. J.) with the inlay tech- 
nique. Clamps were preferentially p aced on the iliac 
arteries before proximal ortic clamping was per- 
formed. On completion of the distal anastomosis the 
iliac arteries were back-bled and flushed with hepa- 
rinized saline solution, and the aortic graft was fully 
vented. 
The configuration of endovascular graft was de- 
termined by the morphologic haracteristics of the 
aortic bifurcation and proximal iliac arteries. Patients 
with a suitable (>1.5 cm) length of normal aorta 
distal to the aneurysm received a tube graft with the 
Endovascular Technologies (EVT, Menlo Park, Cal- 
if.) EGS system as has been described previously? 
Patients with no distal aneurysm neck but nonectatic 
proximal iliac arteries (< 12 mm) underwent endolu- 
minal reconstruction with the Stentor modular bifur- 
cated system (Mintec Ltd, Freeport, Bahamas). 19 All 
other patients with aneurysmal disease extending 
into the proximal common iliac arteries were treated 
with a tapered aortoiliac graft combined with occlu- 
sion of the contralateral common iliac artery and 
femoro-femoral crossover grafting. 2°,21 This tcch- 
nique used an endograft consisting of tapered ex- 
panded polytetrafluoroethylene (Impra Ltd, Worcs, 
U. K.) sutured to a Palmaz balloon expandable stent 
(Johnson and Johnson, Berks, U. K.), in turn 
mounted on an angioplasty catheter (Gambro Ltd, 
Kent, U. K.). 22 The endograft is packaged inside a 
21F sheath (William Cook Europe, Denmark) and 
introduced into the circulation through a temporary 
iliac conduit. 21 The graft was deployed by inflation of 
the angioplasty balloon for two 1-minute periods at 
2 atm pressure. 
Detection of  lower limb emboli. Images of 
both superficial femoral arteries in each patient were 
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Fig. 1. Standard Doppler signal from superficial femoral artery during aneurysm repair. 
Upper channel displays flow towards probe. Lower channel no longer displays conventional 
reverse flow signal but instead displays ttenuated (but inverted) signal of output displayed in 
top channel. Background blood signal is too weak in amplitude to be detected, but all embolic 
signals are visible without amplitude overload, which is often present in upper channel. This 
signal can now be subjected tofurther analysis. 
obtained by duplex scanning before surgery, and the 
artery with the optimal signal was chosen for moni- 
toring. During endovascular p ocedures the femoral 
artery contralateral to endograft insertion was moni- 
tored. In conventional procedures with a bifurcated 
graft the iliac anastomosis on the monitored side was 
completed first, and flow initially restored on this 
side. 
After anesthesia was induced the superficial fem- 
oral artery in mid-thigh was insonated with a trans- 
cranial Doppler ultrasonography (TCD) system 
(SciMed PcDop842, Bristol, U. K.) with a 2 MHz 
transducer operating at 10% of the maximum power 
output because of the absence of any intervening 
bone between the transducer and the insonated ar- 
tery. Conventionally, a 5 MHz Doppler probe would 
be used to insonate the superficial femoral artery to 
obtain optimal signal quality. However, the ampli- 
tude of an embolic signal relative to the background 
blood signal decreases with higher frequency 
probes? 3Therefore insonating the superficial femo- 
ral artery with a conventional 5 MHz transducer 
would not be as sensitive in detecting microemboli as 
a 2 MHz transducer. The signal quality from a 2 
MHz probe is compromised, but this is inconse- 
quential because the ratios of the embolic to blood 
signal properties are used for embolic analysis and 
not the absolute values. The angle ofinsonation was 
60 degrees, and the transducer was attached to the 
thigh with a specially designed thighband to stop the 
probe being dislodged uring surgical manipulation. 
Patients were monitored for the duration of the op- 
erative procedure, and the times of graft insertion, 
aortic clamping, and restoration of flow were re- 
corded. 
With this monitoring technique lower limb em- 
boli were detected as unidirectional high-intensity 
transient signals within the background Doppler 
blood signal (Fig. 1). To allow accurate determina- 
tion of embolic number and composition, the Dopp- 
ler signal was recorded onto digital audiotape for 
off-line analysis. 
Characterization of  emboli. A recent study 
from our department has demonstrated that emboli 
may be characterized by embolic velocity and the 
duration of the embolic signal? 8 The product of 
these two parameters i the sample volume length 
(SVL), which is the physical distance over which an 
embolic signal is detected. The underlying theory of 
this technique is that air reflects ultrasound waves 
better than particles, and air emboli will therefore be 
detected over a greater SVL than particulate matter. 
Traditionally, Doppler systems were designed with 
small dynamic ranges and limited time resolution to 
monitor blood flow and not embolic signals. As a 
result amplitude overload and inadequate time reso- 
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Fig. 2. Wigner distribution function is used as alternative to fast Fourier transform to display real 
time Doppler signal. Embolic signal is clearly visible within second cardiac cycle in upper channel (x 
axis -- 2.4 seconds). Again, lower channel is attenuated form of upper channel with one embolic 
signal visible. 
lution have limited the ability of TCD technology to 
measure mbolic duration and velocity accurately. 
This problem was overcome by effectively in- 
creasing the dynamic range of  the system and most 
important by using an alternative spectral analysis 
technique (Wigner distribution function) instead of  
the conventional fast Fourier transform. This alterna- 
tive processing algorithm allows an embolic signal to 
be magnified up to 125 times, which enables the 
duration of  an embolic signal to be calculated with 
far greater accuracy (Fig. 2). The embolic duration 
was defined as the time in which the amplitude of the 
Doppler signal was 10 dB or greater above the back- 
ground blood signal. Embolus velocity was deter- 
mined by quantifying the peak value within the em- 
bolic signal, which was displayed as a red line 
superimposed on the  Doppler spectrum (Fig. 3). 
Once an embolic signal was detected, the temporal 
resolution was maximally increased to its finest reso- 
lution mode, and the SVL of  the embolus was calcu- 
lated as the product of embolic velocity and dura- 
tion. 
Before the embolic data were analyzed, a thresh- 
old value was determined to differentiate gaseous 
from particulate mboli. The SVL threshold calcu- 
lated for determining the embolic composition of 
cerebral emboli could not be used for emboli de- 
tected in the lower limb because of anatomic differ- 
ences and a different angle of  insonation. To deter- 
mine a new threshold a pure source of particulate 
emboli was analyzed to determine the range of SVLs 
possible for this composition of emboli. This source 
was obtained from the dissection phase of conven- 
tional-aneurysm repair, because there was no possi- 
bility of introducing air into the superficial femoral 
artery at this stage of  the procedure. The SVLs of 
332 particulate cmboli detected uring dissection 
were calculated, and all had a value less than 1.4 cm. 
Thus the SVL threshold for determining embolic 
composition was assumed at 1.4 cm, with emboli 
producing SVLs less than 1.4 cm being classified as 
particulate and all those with SVLs greater than 1.4 
cm being classified as gaseous. By assuming the 
threshold value to be the maximum possible SVL for 
all 332 embolic signals analyzed, any overlap of SVL 
ranges for the two compositions of emboli would 
incorrectly classify a percentage of gaseous emboli as 
particulate. However, clinically this is preferable to 
underestimating the number of particulate mboli. 
Once the threshold value had been decided, the 
remaining emboli detected uring conventional re-
pair and all those detected uring endovascular re- 
pair were then analyzed to obtain SVL measurements 
on all of the embolic data. Although the predomi- 
nance of  particulate mboli seen in the endovascular 
group was dependent on the threshold defined for 
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Fig. 3. Effect of increasing time resolution by expanding time axis (x axis) so that one screen 
represents only 48 msec is illustrated ( × 50magnification). Embolic signal is represented bybright 
yellow region within Doppler spectrum in upper channel. Software allows cursors to be placed at 
start and end ofembolic signal, allowing duration to be calculated to nearest 0.08 msec (compared 
with I0 msec with fast Fourier transformation). Embolic velocity is determined from red trace in 
upper channel except when amplitude overload is present, which distorts trace; in such cases red 
trace in lower channel is used. 
particulate emboli obtained in the conventional 
group, we believed this to be a valid comparison, 
because the method used to obtain the data from 
both groups was analogous. 
RESULTS 
Operative procedures. All conventional aneu- 
rysm repairs were performed successfully. Two of  the 
endovascular p ocedures required conversion to con- 
ventional repair because of malposition of the proxi- 
mal aortic stent in two aortouniiliac grafts. These two 
patients have been analyzed in the endovascular 
group on an intention-to-treat basis. 
One patient in the conventional group required a
femoral embolectomy during the initial operation 
and had 190 particulate mboli throughout the pro- 
cedure. No other signs of  peripheral embolization 
were observed in patients undergoing conventional 
aneurysm repair. Three patients undergoing endo- 
vascular repair had trash foot after surgery (211, 182, 
and 157 particulate mboli). All three recovered 
spontaneously without surgical intervention. No 
cases of  massive microembolization ccurred. 
Lower l imb embolization dur ing endovascu- 
lar and conventional aneurysm repair. Overall, 
4927 emboli were detected in the 29 surgical proce- 
dures. A total of 2360 emboli had SVLs less than 1.4 
cm (particulate), and 2567 had SVLs greater than 
1.4 cm, which were classified as gaseous. Four pa- 
tients with embolic complications all had greater 
than 100 particulate emboli during aneurysm repair. 
The number of emboli in the conventional nd 
endovascular g oups is illustrated in Fig. 4 and Table 
II. The number of particulate, gaseous, and total 
emboli were significantly greater in the endovascular 
group than in patients undergoing conventional n- 
eurysm repair (W = 238, 95% CI 5 to 107, p = 
0.031;W = 244, 95% CI 10 to 186,p = 0.016;W = 
247, 95% C124 to 235, p = 0.01, respectively, Mann 
Whitney test). 
DISCUSSION 
Peripheral embolization is a relatively rare event 
after conventional repair of infrarenal abdominal an- 
eurysms, is although this complication may be re- 
sponsible for acute limb ischemia after aneurysm sur- 
gery in 50% of cases. 24 Several authors have claimed 
that peripheral embolization may be minimized by 
distal liac clamping before placing the proximal aor- 
tic clamp, and Imparato et al. 2s have reported istal 
embolization in only 0.6% of cases with this tech- 
nique. In contrast, initial clinical experiences of  en- 
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Fig. 4. Graph illustrating number of gaseous, particulate, and total emboli in endovascular 
(EV) and conventional (Con) aneurysm repair. 
Table II. Number of particulate, gaseous, and total emboli during conventional nd endovascular 
aneurysm repair 
Particulate mboli Gaseous emboli Total emboli Showers ( ) 
Endovascular repair 120 (17-211) 87 (13-388) 211 (37-572) 40 (0-170) 
Conventional repair 31 (12-231) 28 (0-145) 81 (18-280) 21 (0-53) 
The duration fembolic showers in the two procedures is also given. Values are given as median values with range inparentheses. 
dovascular aortic aneurysm exclusion have suggested 
that massive microembolization may be a significant 
complication of  this technique and may be associated 
with a high mortality rate. Parodi, 9 Marin et al., 11 
and Nasim et al?2 have all reported cases of massive 
microembolization after endovascular procedures, 
with an incidence varying from 4% to 17%. Virtually 
all of these cases resulted in perioperative death. In 
addition, Mialhe and Amicabile 19 observed four cases 
of isolated lower limb embolization in 84 patients. 
However, by contrast, several other authors have 
documented no demonstrable evidence of peripheral 
microembolization i representative series, 1°,26,27 
which suggests that this complication may be partly 
technique-related. 
It is easy to envisage the mechanism of peripheral 
embolization during endoluminal aortic procedures. 
Most abdominal aneurysms are lined by laminated 
thrombus, which may easily become dislodged by 
prolonged, difficult, and repeated manipulation of 
large intraluminal devices within the aneurysm sac 
during endovascular neurysm repair. However, up 
until this study it has been impossible to directly 
quantify lower limb embolization, because reports 
have relied solely on the clinical sequelae of emboli- 
zation and not the embolic event itself. 
Transcranial Doppler ultrasonography as been 
used in routine clinical practice to detect emboliza- 
tion within the middle cerebral artery during carotid 
endarterectomy, 17 and recent studies from our de- 
partment have validated a method to differentiate 
gaseous from particulate embolization. 18 In this 
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study this method was applied to detect and inter- 
preted lower limb embolization during aneurysm 
repair. 
The results from this study demonstrated that 
this ultrasonography-bascd system was able to detect 
lower limb emboli during conventional nd endovas- 
cular aneurysm repair. Overall, 4927 emboli were 
detected in the study, with the number of emboli 
being significantly greater in the endovascular g oup 
than in the patients undergoing conventional repair. 
However, without further characterization f the 
embolic signals this result has little clinical signifi- 
cance. During endovascular neurysm repair a large 
volume of intraarterial contrast is used, which will 
produce substantial numbers of gaseous emboli from 
air present in the contrast solution. It seems likely 
that only particulate mboli will have any clinical 
significance as has been previously demonstrated 
with carotid endarterectomy. 28,29 
Off-line characterization f the embolic signals 
demonstrated that the numbers ofboth gaseous and 
particulate emboli were greater in patients undergo- 
ing endovascular neurysm repair when compared 
with those of a concurrent cohort control grotip of 
patients undergoing conventional neurysm surgery. 
The difference in particulate embolization has signif- 
icant implications, because it supports the results 
from initial clinical series that have documented mas- 
sive microembolization as a potentially fatal compli- 
cation of endovascular ortic procedures. 9,11 In this 
study all patients who had postoperative stigmata of 
lower limb embolization had in excess of 150 intra- 
operative particulate mboli. However, at this time 
the numbers ofpatients in this study are too small to 
allow a correlation between the number of particu- 
late emboli to the lower limb and postoperative com- 
plications. 
It could be argued that lower limb embolization 
during endovascnlar neurysm repair could easily be 
prevented by clamping the common femoral artery 
during the procedure. However, it seems likely that 
the results from this study relating to lower limb 
embolization could be extrapolated to other arterial 
beds, namely, that monitoring emboli to the lower 
limb may provide an accurate window of emboliza- 
tion to the visceral and internal iliac arteries during 
endovascular neurysm repair. Support for this con- 
cept comes from the pattern of disease progression 
when microembolization ccurs, because this ap- 
pears to be a widespread phenomenon rather than an 
isolated event in the lower limbs. Clearly further 
research isrequired to clarify this point. 
This study has reported a technique to detect and 
characterize lower limb embolization during aneu- 
rysm surgery. Preliminary data suggest that particu- 
late embolization is higher during endovascular than 
conventional neurysm repair, although it will be 
necessary to study different endovascular p ocedures 
to determine whether this is a universal finding or is 
technique-related. Further studies will be required to 
correlate the number of peripheral emboli with clin- 
ical sequelae, although there is some circumstantial 
evidence from this study to link particulate emboliza- 
tion with stigmata of embolic omplications. 
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